Hyperfine Fields in an Ag/Fe Multilayer Film Investigated with 8 Li /9-Detected 

Nuclear Magnetic Resonance 
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Low energy /3-detected nuclear magnetic resonance (/3-NMR) was used to investigate the spatial 
dependence of the hyperfine magnetic fields induced by Fe in the nonmagnetic Ag of an Au(40 
A)/Ag(200 A)/Fe(140 A) (001) magnetic multilayer (MML) grown on GaAs. The resonance line- 
shape in the Ag layer shows dramatic broadening compared to intrinsic Ag. This broadening is 
attributed to large induced magnetic fields in this layer by the magnetic Fe layer. We find that the 
induced hyperfine field in the Ag follows a power law decay away from the Ag/Fe interface with 
power —1.93(8), and a field extrapolated to 0.23(5) T at the interface. 



The unique properties exhibited by thin layers of fer- 
romagnetic metal separated by a layer of nonmagnetic 
metal spacer are both interesting and useful for appli- 
cations in "spintronic" devices^. In these structures the 
coupling between the ferromagnetic layers oscillates be- 
tween ferromagnetic (FM) and antiferromagnetic (AF) 
as a function of the thickness of the nonmagnetic spacer 
separating them^i 3 -^^. This interlayer exchange coupling 
(IEC) is related to an oscillating electronic spin polar- 
ization induced in the nonmagnetic spacer due to the 
magnetic layers. The oscillation period (~ 10 A)& is gov- 
erned by the Fermi surface of the metal spacer. While 
several theoretical models have been developed to explain 
this behavior, it is difficult to establish which is the most 
"correct" since a direct measurement of the effects in the 
nonmagnetic spacer is challenging. These phenomena led 
to the discovery of the giant magneto-resistance (GMR) 
effect/ which is of great scientific interest, and also has 
important technological ramifications. For example, the 
drastic increase in hard disk bit density of the last 20 
years was made possible by the vast increase in sensitiv- 
ity of read heads that incorporate GMR structures. This 
sensitivity is a consequence of the strong field dependence 
of the resistivity of GMR structures. 

The most well-known model developed to explain the 
FM-AF coupling oscillations in these systems is an ex- 
tension of the Ruderman-Kittel-Kasuya-Yosida (RKKY) 
model describing the effect of a magnetic impurity on 
the conduction electrons of a nonmagnetic host metal^. 
The oscillations are the result of the sharp cutoff of wave- 
vectors at the Fermi surface in the spacer, resulting in an 
imperfect screening of the magnetic moments and oscil- 
lations in the polarization of conduction electrons. It is 
via this polarization that the magnetic layers are coupled. 
The period of oscillation is thus related to the Fermi sur- 
face, with period determined by the "critical spanning" 
wave-vectors of the spacer material^. In Ag there are 
two critical spanning vectors associated with the "neck" 
and "belly" regions of the Fermi surface in the (001) di- 



rection. 

The small amplitude of the induced electronic polariza- 
tion (due to rapid decay away from the magnetic layer) as 
well as the small physical size of typical samples (spacer 
thicknesses typically several hundred A or less) makes 
direct measurements of the induced polarization within 
the nonmagnetic spacer layer very difficult. To date, 
most quantitative methods used to measure the polar- 
ization in the spacer material are either averages of the 
polarization across the entire spacer, or probe the sur- 
face of a nonmagnetic overlayer grown on a ferromagnetic 
substrate. In particular it is very difficult/impossible 
to directly probe the spatial dependence of the conduc- 
tion electrons polarization within the nonmagnetic layer. 
Such measurements require a technique that is sensitive 
to the local polarization of conduction electrons through- 
out the entire spacer. Mossbauer spectroscopy^, per- 
turbed angular correlations 12 , and nuclear orientation 13 
are local probes, but their limited sensitivity restricts 
them to measurements close the magnetic-nonmagnetic 
interface where the induced fields are strongest. In or- 
der to probe the behaviour deep within the non-magnetic 
layer one requires more sensitive measurements of the lo- 
cal polarization, such as low energy muons spin rotation 
(LE-^SR) 14,15 . The technique used here in is depth re- 
solved /3-detected nuclear magnetic resonance (/3-NMR). 

In this paper we report the results of /3-NMR measure- 
ments of the induced hyperfine field distribution in the 
nonmag netic layer of a Ag(200 A)/Fe(140 A) magnetic 
multilayer (MML) prepared by molecular beam epitaxy 
(MBE) on a GaAs (001) single crystal substrate. We find 
that the induced hyperfine field in the Ag decays away 
from the Ag/Fe interface following a power law with ex- 
ponent a — —1.93(8). One of the key parameters in 
theories describing this effect is the exponent a, which 
is both difficult to measure or calculate. However, it has 
significant fundamental and practical importance since it 
determines how strongly two magnetic layers separated 
by a nonmagnetic spacer layer will couple. 
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FIG. 1: (color online) /3-NMR spectra measured in the MML 
sample at room temperature and a field of 4.5 T at implanta- 
tion energy (a) 30.5 keV, (b) 4 keV and (c) 3.5 keV. The solid 
red lines are best fit to the calculated lineshapes (see text). 
The dotted/dashed lines represent the contribution from 8 Li 
in Ag and Au respectively. 



/3-NMR is a technique closely related to conventional 
nuclear magnetic resonance (NMR). However, in /3-NMR 
the signal is generated using the /3-decay properties of 
highly spin polarized radioactive nuclei (<~ 10 8 ) that have 
been implanted directly into the sample, whereas conven- 
tional NMR relies on a much larger number (~ 10 18 ) of 
intrinsic nuclei to generate a signal. /3-NMR experiments 
conducted in the ISAC facility at TRIUMF use a beam of 
spin polarized radioactive 8 Li (/ = 2,7 = 6301.5 kHz/T, 
t = 1.21 s) which is implanted into the sample and used 
as a spin probe. The 8 Li nuclear polarization, which is 
the quantity of interest, is monitored through its beta 
decay where a high energy electron is emitted preferen- 
tially opposite to the direction of its nuclear spin. The 
polarization is measured as a function of the frequency of 
an applied transverse radio frequency (RF) field. The re- 
sulting resonance is a sensitive probe of the local internal 
electronic and magnetic environment. The implantation 
energy can be adjusted in the range 0.1 — 30.5 keV, corre- 
sponding to mean implantation depths of between 2 and 
200 nm from the sample surface. Previous studies on an 
Au(40 A)/Ag(800 A)/Fe(14 A) (001) film demonstrated 
our ability to make depth resolved /3-NMR measurements 
in the different layers, as well as our sensitivity to the in- 
duced hyperfine fields in the Ag close to the Fei£. This 
ability to extract information about the local magnetic 
environment as a function of depth on a nm length scale 



distinguishes low energy /3-NMR from conventional /xSR 
and NMR. It is similar to LE-/iSR in this respect but 
there are significant differences, e.g. the different time 
scale, so that the two methods are often complementary. 
A more complete description of the /3-NMR technique 
can be found elsewher e 17 ' 18 . 

The Au(40 A) /Ag(200 A) /Fe(140 A) MML sample was 
grown using MBE on a GaAs (001) single crystal sub- 
strate. The substrate was sputtered clean and annealed 
to yield large flat terraces on which a 140 A Fe layer was 
grown. The small lattice mismatch between GaAs and 
Fe (-1.4 %) allows growth of body centered cubic (bec) 
Fe (001) into well ordered layers. Then a 200 A layer of 
face centered cubic (fee) Ag was grown on Fe following 
the (001) orientation with its lattice rotated by tt/AJ^ 
The sample was finally capped with a protective 40 A 
Au layer. The thicknesses of the layers were monitored 
during growth using a calibrated quartz crystal microbal- 
ance. 
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FIG. 2: (color online) Percentage of Li stopping in each layer 
of the MML sample as a function of implantation energy, cal- 
culated using TRIM.SP Monte-Carlo simulation. 



The sample was placed in the /3-NMR spectrometer 
in an applied magnetic field of 4.5 T normal to the film 
surface. Representative /3-NMR spectra at room temper- 
ature and 3 different implantation energies are shown in 
Fig. [T] At full implantation energy (30.5 keV) most of 
the 8 Li is implanted into the GaAs substrate. The reso- 
nance in Fig. [TJa) fits well to a Lorentzian lineshape with 
a width of 4 kHz, as expected for 8 Li in GaAs3 FigsQJb) 
and (c) show the spectra obtained with implantation en- 
ergies 4.0 and 3.5 keV respectively. As shown in Fig. [21 at 
these energies TRIM.SP Monte-Carlo simulations^ pre- 
dict that most of the 8 Li stops in the Ag layer (~ 50%), 
with a small amount (~ 3%) stopping in the Au layer. 
The remaining 8 Li is backscattered (~ 37%) or stops in 
the Fe (~ 10%). Note, since backscattered 8 Li stops 
outside the RF coil they do not contribute to the mea- 
sured resonance line. Similarly, 8 Li stopping in Fe expe- 
riences a very large magnetic field and therefore produces 
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a resonance outside our frequency window 22 . Recent B- 
NMR measurements show that the intrinsic 8 Li resonance 
linewidth in a thin Ag film is 0.5 — 1 kHz.— In contrast, 
the linewidth observed in Fig. |Tf b) and (c) is an order 
of magnitude larger. This broadening is attributed to 
the induced hyperfine magnetic field in Ag due to the Fe 
magnetic layer. 

We now discuss the modelling of the lineshapes ob- 
tained, such as those shown in Fig. [1] Following the 
RKKY-based theoretical description^, the induced hy- 
perfine field in Ag as a function of the distance (x) from 
an ideal Ag/Fe interface, follows 



B(x) 



i=0 



(1) 



where A, = 2ir /ki are the Fermi wavelengths associated 
with the two critical spanning vectors, i.e. the belly and 
neck. The expected resonance lineshape, representing the 
magnetic field probability distribution for the implanted 
8 Li, is calculated using Eq. (fT|), and the stopping 8 Li 
profile in the Ag layer determined using TRIM.SP cal- 
culations (Fig. [3]). An example calculated using Eq. fl}, 
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FIG. 3: (color online) The 8 Li stopping profile in the MML 
sample generated using TRIM.SP Monte-Carlo simulations 
for implantation energies of 3.5, 4.0 and 30.5 keV. At lower 
energies 8 Li stops predominantly in the Ag layer, while at the 
full energy nearly all 8 Li stops in the GaAs substrate. 

with a contribution only from the belly spanning vector 
(A = 11.7 A, a = -1.9, B a = 0.23 T and B ext = 4.5 
T.), is shown in Fig SJa). The contribution from the 
neck spanning vector is negligible, since its associated 
wave length (~ 4.85 A) is on the same length scale of the 
distance between neighboring implanted 8 Li, and hence 
its contribution is averaged out over the 8 Li stopping 
sites in the Ag lattice. The distinguishing features of 
this lineshape are the peaks on either side of the applied 
field {Bext) resulting from Van Hove singularities. The 
large inner double peaks result from the non-zero hyper- 
fine fields at the Ag farthest from the Ag/Fe interface. 
However, it has been shown that even slight interface 



roughness tends to wipe out the short wavelength oscil- 
lations in the electron polarization^! since the distance 
to the interface no longer has a well defined value over 
lateral distances larger than the terrace width. Further- 
more a vertical mismatch between atomic planes, as lit- 
tle as 0.8% for Ag/Fe(001) also leads to suppression of 
both the long and short wavelengths^ The 8 Li beam 
averages over the area of the beam spot (~ 3 mm diam- 
eter), therefore we do not expect to observe oscillations 
of the induced hyperfine fields. This will have the effect 
of "smearing" out the oscillations in the induced field 
[Eq. (JIJ)]. Therefore we use a phenomenological form for 
the induced field distribution: 



Bfnax (•£) 



Bo 



l + (X F /x) a 



(2) 



with Xp = 2tt /kF taken as the long period Fermi wave- 
length of Ag (11.7 A). We assume that at a particular dis- 
tance, x, from the interface, the hyperfine field is equally 
likely 2 ^ to have any value between B ex t±B ma x- This 
form has several advantages: 1) it gives a value of Bq 
for the hyperfine field right at the Ag/Fe interface, 2) 
it maintains the asymptotic power law behaviour, x a , 
predicted by RKKY, 3) it avoids the unphysical diver- 
gent behaviour at the Ag/Fe interface in Eq. |T]). The 
lineshape, shown in Fig[4|b), results from this form of 
field distribution. Note that it does not have the peaks 
associated with the oscillating magnetic field, but it is 
symmetric and exhibits a characteristic "flat top" . This 
low field cutoff originates from the fact that the hyper- 
fine field does not decay to zero at the Ag/Au interface. 
This lineshape is consistent with the /3-NMR spectra in 
Figs [Ha) and (b). 
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FIG. 4: Simulated lineshape, in an applied field B ex t, gener- 
ated for induced hyperfine fields that follows (a) an oscillating 
distribution described by Eq. (JT| and (b) a uniform distribu- 
tion within the envelope described by Eq©. Both lineshapes 
were calculated using A = 11.7 A, a = —1.9, Bo = 0.23 T and 
B ext = 4.5 T. 



Note that, in contrast to the calculation above and the 
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lineshape in Fig. 0Jb), the experimental /3-NMR spectra 
show a sharp peak and not a "flat top" feature. This is 
attributed to the small amount of 8 Li that stops in the 
thin Au capping layer (dashed lines in Fig.0Jb) and (c)). 
These spectra were fit to the sum of our model lineshape, 
Fig[4jb), and a Lorentzian to account for the small signal 
from Au. The contribution to the measured resonances 
from Ag and Au, as obtained from the fit, are represented 
by the dotted and dashed lines in Fig. [T] respectively. 
The induced field parameters extracted from the fits in 
Fig.QTb) and (c) are a = -1.93(8) and B a = 0.23(5) T 
(common for both spectra). The Lorentzian fit for the 
resonance in Au was found to be ~ 4 kHz wide, and 
shifted approximately +40 parts per million (ppm) rel- 
ative to the GaAs reference. The Knight shift of the 
Au is comparable with previous measurements of intrin- 
sic Au (+60(20) ppm)2£, but the width is about twice 
that of previous measurements. This may be due to the 
higher RF power used in these experiments but could 
also be due to the induced fields from Fe extending into 
the Au layer. In addition, we find that the ratio of the 
contribution from Au to Ag from the fit parameters (i.e. 
the ratio of the areas of the resonance in Au to that in 
Ag) is ~ 3%, in reasonable agreement with ~ 6% from 
TRIM.SP calculations (Fig. [2]). The 3% difference may 
be due to the limited accuracy of TRIM.SP in predicting 
ion implantation profiles especially at low implantation 
energieSi 21 ' 28 

The extracted value of Bq = 0.23(5) T, which is the 
hyperfine coupling of 8 Li at the Ag/Fe interface, is in 
reasonable agreement with the calculated value 0.30 T 
for the induced hyperfine field at the first Ag layer at the 
interface.— Also the asymptotic power of the induced 
field, a = —1.93(8), agrees very well with the theoretical 
value -2 predicted by RKKY theory^^^ It is how- 
ever larger than the values a — —0.4(1) and —0.8(1) 
measured using LE-^SR in Fe(40 A)/Ag(3000 A) (001)^ 
and Fe(40 A)/Ag(200 A)/Fe(40 A)(001)±£ samples, re- 
spectively. Similarly, using Cu NMR to measure the spin 
polarization profile in multilayers of Ni/Cu, Goto et alQ 
found a = — 1. In all those measurements, induced fields 
of the form Eq. |T]) were assumed and the magnetic field 
parallel to the surface was used to perform these measure- 
ments, while in our measurements the field was applied 
perpendicular to the surface. In principle, this should 



not affect the value of ct 31 . The source of discrepancy 
between our results and those from Refsj 14 i 15 ' 31 may be 
the reduced sensitivity of the previous measurements to 
the interface region. In the LE-/1SR measurements, the 
contribution of the 3 nm region of the Ag/Fe interface is 
negligible 1 -, since the muons in this region experience a 
field which is too high to be measured. Note that both 
NMR and LE-/1SR measurements are performed in the 
time domain, i.e. the high field contribution occurs at 
early times, therefore the dead time associated with the 
measurement decreases the sensitivity to high field re- 
gions (interface). In contrast our measurements are per- 
formed directly in the frequency domain and therefore 
have no such effect (provided that one sweeps a suffi- 
ciently large frequency range) . In addition, in NMR mea- 
surements it is extremely hard to account for the contri- 
bution of all nuclei in the spacer since the resonance can- 
not be normalized, while the method of detection used 
in /3-NMR enables detection of the signal from all im- 
planted spin probe nuclei. Finally, we would like to point 
out that calculation based on the quantum-interference 
model 3 - 2 - predict an oscillating polarization that involved 
three terms with a = —1,-2 and —3. Thus, it may 
be that the different techniques are sensitive to different 
terms. 

In conclusion, we have carried out depth resolved low 
energy 8 Li /3-NMR to measure directly the hyperfine field 
profile in an Ag layer induced by a magnetic Fe layer. No 
indication of an oscillating hyperfine field is observed. 
However, we find that the induced fields decrease away 
from the Ag/Fe interface following an asymptotic power 
law 

3.-1.93(8) in 

good agreement with theoretical calcula- 
tions based on RKKY theory. The induced field at the 
Ag/Fe interface Bo — 0.23(5) T is also in good agreement 
with calculations. 
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